e studied the CT and MR scans, and the histology of 50 patients with primary Ewing's sarcoma of bone to determine the association between the change in tumour volume and necrosis after chemotherapy, and to ascertain their influence on prognosis. The mean age of the patients was 17 years. The limbs were involved in 40 and the axial bones in ten. The volume of the tumour at diagnosis varied from 31 to 1790 ml.
Ewing's sarcoma is a rare, primitive, highly cellular malignant round-cell tumour of bone and soft tissue, described by Ewing in 1921. 1 It is the second commonest primary malignant tumour of bone in children after osteosarcoma 2 and accounts for about 10% of all such lesions. 3, 4 Over the last two decades effective chemotherapy has been one of the most important advances in the management of patients with Ewing's sarcoma. Before this, treatment had consisted of local irradiation or surgery alone, but less than 10% of the patients survived for more than five years. 5, 6 Modern treatment of Ewing's sarcoma with chemotherapy, surgery and/or radiotherapy results in a survival rate of 50% to 60% at five years in patients without metastases at diagnosis; [7] [8] [9] [10] [11] the prognosis is also influenced by the volume of the tumour at diagnosis 12, 13 and the amount of necrosis of the tumour after chemotherapy. 9 Preoperative chemotherapy reduces the volume of Ewing's sarcoma, 8 and this has been related to the prognosis. 14 Reduction in the volume, if any, often occurs after the first cycle of chemotherapy, as shown by the Cooperative Ewing's Sarcoma Study (CESS), 12 and only minor shrinkage takes place after this. It is often dramatic and may be due to shrinkage of the neoplastic cell mass by necrosis, reduction in the volume of normal supporting stroma, resolution of inflammatory oedema or, more likely, a combination of these. The contribution of necrosis of tumour cells to the change in volume of the tumour is unclear. We have studied the relationship between the change in volume and necrosis of a tumour after chemotherapy, and the influence of these on the prognosis of patients with primary Ewing's sarcoma.
Patients and Methods
Between 1983 and 1993 we treated 152 patients with primary Ewing's sarcoma. For inclusion in the study patients were required to have complete staging studies performed at diagnosis, adequate CT or MRI of the tumour before diagnostic biopsy and after chemotherapy, no previous attempt at excision of the tumour before referral to our centre, the histological diagnosis confirmed by the pathologist (DCM) and no radiotherapy before excision of the tumour. Of the 152 patients, 50 satisfied these criteria. There were 32 men and 18 women with a mean age at diagnosis of 17 years (5 to 40). Of the 50 tumours, 40 were located in the bones of the limbs, 11 in the femur, 16 in the tibia, four in the fibula, eight in the humerus and one in the calcaneum. Ten tumours were found in the axial skeleton, nine in the pelvis and one in the scapula.
Three patients had stage-IIA, 44 stage-IIB and three stage-III tumours at diagnosis, according to the Muscu-full staging studies with haematological and serum biochemical tests, whole-body bone scintigraphy and CT of the chest. In 46 patients we assessed the local extent of the tumours using CT scans obtained at diagnosis and before excision of the tumour after a course of chemotherapy. In the remaining four, seen after 1992, we assessed the extent of the tumour using MRI.
Measurement of the volume of the tumour was independent and blind, without any knowledge of the outcome of the patients. Assessment of the intra-and extraosseous component for each patient was made from the extension of the tumour in the longitudinal, lateral and anteroposterior planes. The calculations were as recommended by the CESS 12 depending on whether the soft-tissue component of the tumour was large or discrete ( Fig. 1) . The CT or MR scans taken before biopsy were used to measure the volume of the tumour. After chemotherapy the volume was measured from the CT or MR scans taken after two cycles of preoperative chemotherapy, lasting for 18 weeks in those treated by the VACA regimen (vincristine, actinomycin D, cyclophosphamide and Adriamycin) or four cycles of VAIA or EVAIA (vincristine, actinomycin D, ifosfamide, Adriamycin with or without etoposide) lasting for 12 weeks, according to the CESS protocol. 16 Necrosis of tumours was graded according to the criteria of Salzer-Kuntschik et al. 17 There were six grades as follows: grade 1, no viable tumour cells in the excised tumours after chemotherapy; grade 2, a viable cluster of tumour cells of < 0.5 cm; grade 3, viable tumour of less than 10% after chemotherapy; grade 4, viable tumour of between 10% and 50% after chemotherapy; grade 5, viable tumour of more than 50% after chemotherapy; and grade 6, no demonstrable necrosis after chemotherapy. All the patients had surgical excision of the tumours after preoperative chemotherapy. A full slice was examined histologically and the results stored on a database. Surgical treatment consisted of amputation in three patients (two below-knee and one hip disarticulation), simple excision of expendable bones in eight, excision and reconstruction with an autologous non-vascularised fibular graft in five and excision with endoprosthetic reconstruction in 34. The margins of tumour excision, according to the criteria of Enneking, Spanier and Goodman, 15 were radical in three, wide in 35, marginal in nine and intralesional in three (Table I) . 18 in patients without metastases at diagnosis. Disease-free survival was defined as the time from diagnosis to either the date of review, or recurrence at local or distant sites. The overall survival was defined from the time of diagnosis to the date of review or date of death. Treatment-related death was counted as an event. Statistical comparisons of survival curves were by the Mantel-Cox logrank test. 19 The Cox proportional hazards regression model 20 determined the joint influence of factors which might influence survival time. The relationship between the change in volume after chemotherapy and histological necrosis of the tumour was studied using the Kruskal-Wallis test. Statistical significance was set at p ≤ 0.05.
Results
The volume of tumours at diagnosis ranged from 31 to 1790 ml. After chemotherapy, the change in volume from diagnosis varied from a reduction of 91% to an increase of 133%. Considering necrosis of the tumour, 14 patients were in grade 1, eight in grade 2, ten in grade 3, eight in grade 4, five in grade 5 and five in grade 6.
A statistically significant relationship was found between histological grading and the measured change in the volume of the tumour after chemotherapy (p < 0.0001) as shown in Figure 2 . Reduction in tumour volumes, induced by chemotherapy, occurred in all patients with necrosis of grades 1 to 3 (Fig. 3) . Progression of the tumour, despite chemotherapy, was observed only in patients with necrosis of grades 4 to 6 (Fig. 4) . The volume of the tumour increased in four out of the 18 patients (22%) with necrosis of grades 4 to 6, one out of the eight patients (12.5%) with grade 4, one out of the five patients (20%) with grade 5 and two out of the five (40%) with grade 6. The initial axial proton-density MR scan through the pelvis showing a) Ewing's sarcoma of the iliac bone with a large extraosseous tumour and b) a similar image at comparable level after four cycles of preoperative chemotherapy indicating complete resolution of the extraosseous tumour in a patient with necrosis of grade 1. The median reduction in tumour volume was 64% for grade-1 necrosis, 67% for grade-2, 58% for grade-3, 38% for grade-4, 20% for grade-5 and 11% for grade-6. There was no statistical difference in the amount of reduction in volume for patients with necrosis of grades 1 to 3 (p = 0.04), and no difference was found when the measured change in volumes after chemotherapy for patients with necrosis of grades 4 to 6 were compared (p = 0.26). Table I illustrates the clinical details of all the patients according to the grade of histological necrosis.
Gender, the site of the tumour or the type of chemotherapy had no influence on the amount of necrosis observed or on the measured change in the volume of the tumour (p > 0.05). The observed change in volume was similar in the different regimens of chemotherapy.
The relapse-free survival and the overall survival were 69% and 75% at five years, respectively, for patients with necrosis of grades 1 to 3 compared with 34% and 49% for those with grades 4 to 6 (p = 0.01 and p = 0.03). Cox's proportional hazard regression model, using necrosis, tumour volume, change in tumour volume and site of tumour as variables, is shown in Figures 5 and 6 . The influence of change in tumour volume on survival was less distinct. There was no statistically significant correlation between the measured change in tumour volume and the relapse-free and overall survival of patients. There was, however, a trend for patients with a large reduction in tumour volume to have a better survival figure. This was most significant at 40% reduction in the volume of the tumour. The five-year relapse-free survival in 12 patients with less than 40% reduction in tumour volume and without metastases at diagnosis was 46%, compared with 63% in the 35 patients who had reduction of tumour volume of 40% or more without metastases at diagnosis (p = 0.09) as shown in Figure 7 .
Discussion
The histological examination of excised lesions remains the most accurate method of assessing the response of malignant tumours to chemotherapy, and the significance to the prognosis of patients with Ewing's sarcoma is well documented. 9, 11, 12 Clinical evaluation, plain radiography and ultrasound have been used to measure the response of Ewing's sarcoma to chemotherapy. 21, 22 Clinical assessment and conventional radiography are cheap and easy to perform, but the results are often inaccurate. CT and MRI offer the most accurate imaging of the local extent of malignant bone tumours. 23 Ewing's sarcoma is a highly cellular tumour with a limited matrix and often shows marked changes in the extraosseous volume after chemotherapy. By contrast, osteosarcoma has a large extracellular matrix of bone and osteoid which requires active resorption by osteoclasts for its removal. Hence, the volume changes noted in Ewing's sarcoma may not be seen in osteosarcoma. Wellings et al 24 showed that quantitative changes in the volume of osteosarcoma measured by CT are an imprecise predictor of the response of the tumour to chemotherapy.
In order to ensure accurate assessment of volume or necrosis induced by chemotherapy we excluded a large number of patients from our study, including those whose initial pretreatment imaging scans had been performed after biopsy or any form of manipulation of the tumour, and those who had received preoperative radiotherapy before excision of the tumours after chemotherapy. The age, distribution of tumours and the survival of the patients excluded were similar to those who were studied.
This investigation shows that a change in the volume of Ewing's sarcoma after a course of chemotherapy is a good predictor of the histological response to chemotherapy. Progression in the volume of the tumour is seen only in patients with necrosis of grades 4 to 6 and the greatest reduction in volume is in those with grades 1 to 3. The change in tumour volume after chemotherapy and the survival of patients are similar in those with necrosis of grades 1 to 3 and also in those with grades 4 to 6. Necrosis within the tumour represents a significant prognostic factor. The relapse-free survival and overall survival of patients with necrosis of grades 1 to 3 are significantly better than those with grades 4 to 6. Patients with necrosis of grades 1 to 3 can therefore be regarded as good and those with grades 4 to 6 as poor responders.
The measured change in tumour volume is a good predictor of necrosis, but a less sensitive indicator of prognosis. This is probably because of other factors involved in changes in tumour volume after chemotherapy which may influence prognosis such as resolution of oedema or reduced vascularity of the tumour. 25 A statistical review of volume changes at different levels showed that the best correlation to prognosis was achieved when those with volume reduction of more or less than 40% were compared. The five-year relapse-free survival in patients showing reduction of 40% or more in tumour volume was 63% compared with 46% in those with reduction of less than 40%. This was not statistically significant (p = 0.09) in this small sample.
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